Biodegradable electronics represents an attractive and emerging paradigm in medical devices by harnessing simultaneous advantages afforded by electronically active systems and obviating issues with chronic implants. Integrating practical energy sources that are compatible with the envisioned operation of transient devices is an unmet challenge for biodegradable electronics. Although high-performance energy storage systems offer a feasible solution, toxic materials and electrolytes present regulatory hurdles for use in temporary medical devices. Aqueous sodium-ion charge storage devices combined with biocompatible electrodes are ideal components to power next-generation biodegradable electronics. Here, we report the use of biologically derived organic electrodes composed of melanin pigments for use in energy storage devices. Melanins of natural (derived from Sepia officinalis) and synthetic origin are evaluated as anode materials in aqueous sodium-ion storage devices. Na 
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biomaterial | organic electronics | biopolymer | battery T he recent emergence of biodegradable electronics has the potential to transform permanent implantable electronically active biomedical devices into temporary components (1) (2) (3) (4) . This approach to medical devices can preserve sophisticated capabilities of electronic systems while obviating risks associated with chronic implants (5) . Biodegradable electronics devices have been fabricated using a variety of natural and synthetic materials (3, 4, (6) (7) (8) . However, autonomous on-board power generation remains a significant challenge. Existing power supply strategies include energy harvesting systems or external radiofrequency signals (9, 10) . Energy storage devices such as batteries and supercapacitors are used for chronic implants such as pacemakers, neurostimulators, and cochlear implants (11) (12) (13) . Although highperformance energy storage systems provide a viable solution for temporary implants, toxic electrode materials and organic electrolytes with poor biocompatibility present technical and regulatory hurdles for implementation and clinical adoption of biodegradable implants. Alternative systems that use biocompatible electrode materials with aqueous sodium-ion batteries could provide onboard energy sources for a variety of temporary implantable and edible electronic medical devices (14) (15) (16) .
There are numerous examples of electrodes that use organic electrolytes for applications in high-density lithium-ion energy storage (17) (18) (19) (20) (21) . Organic electrodes are advantageous because they can be fabricated into nonconventional device formats that are curvilinear, flexible, and stretchable (22) (23) (24) (25) (26) (27) . Furthermore, organic electrodes can be prepared using biologically derived materials or biomass toward the goal of achieving sustainable energy storage material production (1, 20) . Carbonization of naturally derived materials can produce highly porous materials that exhibit suitable performance for use in primary batteries and supercapacitors (28) (29) (30) . Anodes have been fabricated using biopolymers including polysaccharides, polypeptides, and cellulosic derivatives (31, 32) . Interpenetrating networks of polypyrrole (Ppy) and lignin can serve as renewable cathode materials in energy storage devices (33) . The high storage capacity of Ppy/lignin composites is attributed to the redox reactivity of the quinone moieties in lignin combined with the high electrical conductivity of doped Ppy (σ Ppy/lignin ∼30 S cm −1 ) (34). Few investigations have used biologically derived materials in sodium-ion energy storage devices for potential use in biomedical applications (35) (36) (37) . The ideal organic electrode material would be biocompatible or biodegradable and exhibit physicochemical properties to support high charge storage densities. Electrodes should ideally be prepared in a scalable and facile manner to maximize economic viability (38) . Biologically derived electrode materials with minimal postprocessing are therefore intrinsically advantageous.
Melanins are a broad class of pigments found in many organisms. Melanins are composed of disordered extended heteroaromatic polymer networks (1, 39, 40) . Eumelanins are a subclass of melanins that mediate redox reactions and exhibit unique physical properties which are widely used in many important biological functions (41, 42) . Eumelanins exhibit unique chemical signatures that can support reversible cation binding including pendant catechols, carboxylates, and aromatic amines (43, 44) . Eumelanins exhibit excellent in vitro and in vivo biocompatibility along with biodegradability via free radical degradation mechanisms (8, 45, 46) . Furthermore, eumelanins exhibit hydrationdependent hybrid electronic-ionic conduction through self-doping
Significance
Here we present important findings related to biologically derived pigments for potential use as battery electrodes. Namely, we report the synthesis, fabrication, and characterization of melanins as materials for use in aqueous sodium-ion batteries. We demonstrate the use of naturally occurring melanins as active electrode materials in charge storage devices. Furthermore, the performance of melanin anodes is comparable to many commonly available synthetic organic electrode materials. The structure-property relationships that govern the storage capacity in melanin materials were also elucidated. These findings suggest that the unique chemistry and nanostructure in natural melanins increase the charge storage capacity compared with synthetic melanin analogues. mechanisms (39) and the ability to form homogeneous nanoparticles that spontaneously aggregate into mesoscale structures with short-range order (47) . The unique chemical and physical properties of eumelanins suggest that it can serve as a biologically derived material for use as biocompatible electrodes in high-density charge storage devices. Herein we report the use of biologically derived and synthetic melanin pigments as anode materials for aqueous sodium-ion energy storage devices.
Results and Discussion
Eumelanins are a subset of naturally occurring melanin pigments that are composed of randomly polymerized tetramer units of 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) monomers (40, (48) (49) (50) . These protomolecules use strong π-π stacking and hydrogen bonding interactions that promote self-assembly into spherical nanostructures with an intermolecular spacing of 3.8 Å and characteristic dimensions of 100-300 nm (50, 51) . Synthetic melanins can also be prepared from oxidative polymerization of L-DOPA, dopamine, or indole derivatives (52, 53) . Although the chemical functionalities of natural eumelanins are conserved in synthetic melanins, the microstructure is markedly different. Synthetic melanins exhibit morphologies that are dominated by porous networks or dendritic structures as opposed to packed nanoparticle aggregates (47, 54) . Three classes of eumelanins were selected to elucidate structure-property relationships in anodes for sodium-ion charge storage devices: (i) naturally occurring eumelanins isolated from Sepia officinalis (NatMel); (ii) synthetic eumelanins prepared from autooxidation of tyrosine (SynMel); (iii) synthetic melaninlike materials (E-SynMel) prepared from the oxidative polymerization of 5,6-dimethoxyindole-2-carboxylic acid (DMICA). The resulting spectrum of melanin composition and microstructure can be used to deconvolve the physicochemical signatures as they relate to figures of merit of device performance such as charge storage capacity.
NatMel consists of homogeneous nanoparticle aggregates whereas SynMel and E-SynMel exhibit heterogeneous nanostructures and rod-like microstructures, respectively ( Fig. 1 and Fig. S1 ). NatMel, SynMel, and E-SynMel exhibit Brunauer-Emmett-Teller (BET) surface areas of 19.9, 10.7, and 9.2 m 2 g −1 , respectively. The surface areas of all melanins in this study are smaller than many other carbon-based electrode materials (35, 55, 56) . SynMel and E-SynMel exhibit hysteresis in N 2 adsorption-desorption isotherms, which suggests that these materials have a mesoscale disorder (57). Conversely, NatMel exhibits higher specific surface areas and reduced hysteresis compared with SynMel and E-SynMel, which suggests that individual NatMel are composed of nanometer-scale textured granules. NatMel and E-SynMel contain smaller pore diameters with narrow distributions compared with SynMel. These quantitative measurements confirm the heterogeneous nanostructure of SynMel that is corroborated by SEM micrographs and elemental analysis (Fig. S2) . Increased heterogeneity in SynMel arises as a consequence of the polymerization mechanism. Eumelanins contain moieties that can reversibly bind multivalent cations through the formation of organometallic complexes (43) . Strategic selection of monomers used in SynMel and E-SynMel polymerization permits the deconvolution of the relative contributions of chemical signatures as sodium cation binding sites in NatMel anodes. Catechol groups, present in both NatMel and SynMel, are redox active sites that reversibly bind cations (58) (59) (60) . NatMel contains electronegative aromatic amines in DHI/DHICA monomers that also bind cations reversibly (48, 61) . Pendant carboxylates can also bind monovalent cations through Coloumbic interactions (17) . Approximately 75% of the aromatic bicyclic monomers in NatMel contain a carboxylate at the 2 position as measured by X-ray photoelectron spectroscopy (XPS; SI Text). NatMel contains DHI, which does not feature a 2-carboxylic acid group, whereas both SynMel and E-SynMel are formed from monomers with carboxylates. Exogenous proteins were not present within biologically derived melanins in significant amounts as determined through Raman and XPS spectra (SI Text).
The location of sodium-ion loading within melanins was assessed using XPS ( Fig. S3 and Table S1 ) and Raman spectroscopy (Fig. 2) . Peaks in the O (1s) region of the XPS spectra occurred at energies of 533.25, 531.92 ± 0.2, and 530.79 ± 0.3 eV, which are associated with COOH, C-OH, and C-O functionalities, respectively (62, 63) . Na + -loaded melanins exhibit peaks at higher binding energies of 536.46 (NatMel-Na), 535.04 (SynMel-Na), and 535.28 (E-SynMel-Na) eV. These peaks are associated with the formation of sodium carboxylate complexes (COO-Na) (62) . Two prominent peaks located near binding energies associated with N (1s) are observed at 399.00 ± 0.3 and 397.50 ± 0.4 eV. These peaks can be assigned to aromatic C-N and amine groups (N-H), respectively (64) . Peaks centered about 397.50 eV exhibit a larger area under the curve after sodium cation loading. Similar increases in peak area were observed in nitrogen-doped titanium oxide at binding energies that are slightly smaller than 398 eV (65) . The overall characteristics of the Raman spectra of pristine NatMel, SynMel, and E-SynMel are comparable to other sp 2 -hybridized carbon materials (Fig. 2) (66, 67) . Deconvolution using a Voigt function reveals broad peaks between wavenumbers of 1,000 and 1,750 cm −1 that are associated with vibrational signatures generated by indole groups. Peaks centered at 1,590 and 1,510 cm −1 (blue band) are attributed to stretching vibrations of aromatic C=C and C=N bonds in indole structure. The peak observed at 1,418 cm −1 is associated with stretching vibrations in pyrrole-like subunits (67) . Two bands at lower wavenumber are observed at 1,220 and 1,341 cm −1
. These features correspond to C-OH (orange band) and aromatic C-N groups from indoles (green band), respectively (67). Significant peak shifts are observed in all Na + -loaded melanin materials. The presence of sodium cations influences the vibrational modes in melanin protomolecules relative to the complementary pristine anode materials (Fig. 2) . The largest peak shifts are associated with C-OH and C-N groups, which suggests strong coupling of sodium cations to carboxylic acids and aromatic amines. Similar peak shifts have been observed in boronand nitrogen-doped single-walled carbon nanotubes and TiO 2 nanoparticles with organic coatings (68) .
Sodium-ion loading on melanins was confirmed through thermogravimetric analysis (TGA). Cations coordinate π-π stacking of melanin protomolecules and promote intermolecular hydrogen bonding (69) . The TGA profiles of Na + -loaded NatMel (NatMel-Na) indicate two nodes that occur at 480 and 590°C (Fig. S4) . These data suggest the presence of two distinct populations of bound sodium cations (17, 18) . The slope of the plateau between these temperatures suggests that SynMel and E-SynMel are relatively more heterogeneous compared with NatMel (SI Text). Na + -loaded melanins exhibit increased thermal stability compared with pristine melanins for a given composition. These data suggest that cationic species generally stabilize melanin monomers. Thermograms of E-SynMel-Na indicate accelerated mass loss at temperatures above 700°C compared with pristine E-SynMel. These data suggest that the presence of aryl methoxy groups in E-SynMel may disrupt intermolecular hydrogen bonding (69) and reduce the potential contribution of cationic stabilization and coordination after sodium loading (41, 43).
The electrochemical performance of melanins anodes was characterized by cyclic voltammetry (CV) and galvanostatic halfcell discharge cycles. CV curves of melanins with 1 M Na 2 SO 4 electrolyte are shown (Fig. 3) . Na + -loaded melanins collectively exhibit higher peak cathodic currents compared with pristine anodes for all melanin compositions evaluated in this study (Fig.  3 A-C) . Additionally, all Na + -loaded melanins (Fig. S5 ) exhibit peak cathodic currents at potentials between 0 and ∼0.2 V (vs. MSE). The redox reactions measured by CV during sodium-ion discharge are largely irreversible. These data suggest that melanin anodes are suitable for primary energy storage materials (70) . This operational constraint is fully compatible with envisioned applications in biodegradable and edible medical devices.
The rate of sodium-ion discharge from melanin anodes was also measured using galvanostatic half-cell measurements in aqueous environments with platinum counter electrodes [vs. mercury/mercurous sulfate electrode (MSE)] (Fig. 3 D-F) . Halfcell discharge measurements were initiated from their open-circuit potentials (OCVs) and monitored continuously thereafter. The OCVs of NatMel, SynMel, and E-SynMel were −0.38 ± 0.02, −0.31 ± 0.04, and −0.13 ± 0.04 V, respectively. After sodium cation loading, the OCVs were reduced to −0.73 ± 0.04, −0.73 ± 0.06, and −0.43 ± 0.06 V for NatMel-Na, SynMel-Na, and ESynMel-Na, respectively. The OCVs of anodes composed of NatMel-Na and SynMel-Na anodes are more negative compared with anodes composed of activated carbon (OCV AC = −0.3 V, Fig. S6 ) and n-type redox polymers (OCV n-Poly = −0.6 V) (71, 72) . Half-cell discharge profiles of Na + -loaded melanin anodes exhibit plateaus in potentials between 0 and ∼0.2 V. This consistent feature corresponds to the sodium ion extraction (15, 73, 74) . The measurements are in concert with the potential during peak cathodic current as measured by CV (18, 75, 76) . Half-cells composed of E-SynMel-Na electrodes exhibit a gradual linear increase in potential (more positive) with a more compressed plateau compared with cells with NatMel and SynMel electrodes. Charge storage capacities measured using a constant discharge rate of 10 mAg −1 were 30.4 ± 1.6, 31.1 ± 2.0, and 24.1 ± 2.0 mAhg −1 for NatMel-Na, SynMel-Na, and E-SynMel-Na, respectively. Melanin anodes without sodium ions exhibit negligible charge storage capacity. The charge storage capacities of NatMel anodes are comparable to electrodes composed of polyaniline-carbon nanotube composites (12.1 mAhg −1 ) or PPy-carbon fiber electrodes (23.9 mAhg −1 ) and slightly lower compared with the capacities of poly(galvinoxylstyrene) electrodes (42 mAhg (Table S2 ).
Full cells were prepared using melanin anodes and λ-MnO 2 cathodes (Fig. 4) . The initial full cell potentials of NatMel-Na and SynMel-Na were 1.0 V. E-SynMel-Na exhibited a slightly lower potential of 0.7 V due to the higher (more positive) OCV (−0.43 V). The full cell potentials of 1.0 V observed in this work are comparable to other aqueous sodium-ion batteries (14) . Galvanostatic discharge profiles were measured using −10 μA. The specific capacities (normalized by anode mass) calculated from discharge profiles of full cells are 16.1 ± 0.8, 12.4 ± 1.2, and 7.9 ± 1.4 mAhg −1 (n = 5) for NatMel-Na, SynMel-Na, and E-SynMel-Na, respectively. The specific capacities of Na + -loaded melanin anodes in full cells are approximately 10× higher than corresponding unloaded melanin anodes (Fig. S7 A-C) . Full cell discharge profiles were measured as a function of the Na + -loaded melanin anode mass (between 3 and 21 mg; Fig. S7 D-F) for a constant λ-MnO 2 cathode mass (8 mg). Specific capacities of λ-MnO 2 cathodes and Na + -loaded melanin anodes were ∼80 and 30 mAhg −1 , respectively, as measured by half-cell discharge experiments (38) . The maximum amount of melanin (21 mg) exhibits a theoretical 1:1 ratio of anode-cathode capacity. These data confirm that the full cell system is anode-limited (79) . Full cells composed of λ-MnO 2 cathodes and Na + -loaded melanin anodes exhibit a specific capacity of 7-16 mAhg −1 (normalized by anode mass) over a potential range of 1.0 V. These specific capacities are comparable to other more exotic anode materials used previously in sodium-ion charge storage materials, and are significantly lower than the best-performing materials studied for traditional battery applications (29, 80) . However, the envisioned biomedical applications that will be enabled by melanin-based energy storage materials have modest specific capacity requirements that are achievable with the current demonstration.
NatMel-Na anodes exhibit a specific capacity that is 50% larger than SynMel-Na anodes. Two characteristic features likely contribute to the increase (decrease) of charge storage capacity of melanin-based anodes in the full cell system: the presence (absence) of pendant carboxylates and the larger (smaller) surface area. The specific capacities normalized by surface area as measured by BET analysis were 0.79, 1.03, and 0.77 mAhm −2 for NatMel-Na, SynMel-Na, and E-SynMel-Na, respectively (Fig.  S8A ). These data highlight the advantageous chemistry of SynMel-Na anodes. Raman spectra further implicate pendant carboxylates as the primary moiety that increases the specific charge storage capacity of SynMel-Na compared with NatMel-Na.
Eumelanin pigments are promising biologically derived anode materials to power transient electronics for use in biomedical applications. A key advantage of melanin-based anodes is the ability to directly use naturally occurring biopolymers with limited postprocessing. Previous examples of biologically derived battery electrodes use polymeric biomaterials as templates that must be functionalized by carbonization (81) (82) (83) . However, melanins exhibit functional groups and microstructure that permit immediate use of the material as an organic electrode material in aqueous sodium-ion charge storage devices. When used in combination with other biocompatible cathodes, aqueous electrolytes, and sodium ions, melanins could be rapidly used as power supplies for edible or biodegradable electronic medical devices (6, 84) . Melanins of natural and synthetic origin are composed of wellcharacterized monomers. Melanins therefore offer potential regulatory advantages for use in edible electronics compared with alternative exotic synthetic electrode materials, which carry unknown risk. The lifetime of a typical melanin/λ-MnO 2 full cell used in this study is 5 h when operating at discharge rates of 10 μA, which is significantly longer than power supplies that are currently used for ingestible event monitoring devices (85) . However, one of the prospective limitations of melanin-based anodes in charge storage devices is the relatively low energy density compared with inorganic electrode materials (14, 15, 86) . The performance of melanin anodes in full cells may be further improved by altering the chemical functionality of protomolecules and increasing the surface area through microstructure engineering to maximize the specific sodium-ion loading capacity. These design criteria can be achieved by designing biomimetic materials to control in vitro melanogenesis. Cathodes with higher specific mass densities could also increase the charge storage capacity of full cells. Taken together, the biocompatibility of biologically derived melanin anodes can be used in next-generation biocompatible energy storage systems to power transient biomedical electronics including edible or biodegradable devices.
Materials and Methods
Materials. NatMel (melanin from S. officinalis), SynMel (melanin, synthetic), and tetrabutylammonium percholate (TBAP) were purchased from SigmaAldrich and used as received. Sodium hydroxide was purchased from Fischer Scientific. DMICA was purchased from Alfa Aesar.
Electrodeposition of Melanin. Electrodeposition of melanin (E-SynMel) was performed by constant current application into conducting substrates in DMICA-acetone solution as previously described (54) . Briefly, DMICA (0.01 M) was electrochemically deposited on stainless steels with two-electrode setup using the constant current source (220 programmable current source, Keithley) with a platinum mesh counter electrode (99.9%, 20 × 20 mm, Goodfellow Cambridge Ltd.). E-SynMel was synthesized by depositing DMICA in acetone (>99.5% purity, American Chemical Society reagent grade, Pharmco-Aaper) with TBAP, 99%, Sigma-Aldrich) as counter ions. E-SynMel was deposited using a constant current of 0.4 mA cm −2 for 40 min followed by rinsing with acetone. E-SynMel was harvested by mechanical delamination.
Sodium-Ion (Na + ) Loading of Melanin Anodes. Sodium-ion loading was performed by adding pristine melanin (300 mg) to solutions of sodium hydroxide (500 mg, 12.5 mmol) in ethanol (10 mL) at room temperature for 24 h. Excess ethanol (∼30 mL) was added to remove unreacted sodium ions. The product was centrifuged to precipitate out the Na + -loaded melanin while discarding the supernatant. The washing procedure was performed twice for a total of two washes. The precipitate was dried at 100°C for 1 h in a vacuum oven and stored at ambient conditions.
Spectroscopic and Microscopic Characterization of Melanin Anode Materials.
Eumelanin structures were examined by environmental scanning electron microscope (SEM, FEI Quanta 600). Electron dispersive spectroscopy was performed by silicon drift detector (XMAX 80-mm EDX detector, Oxford Instruments). Nitrogen physisorption measurements were performed at 77.3 K using Quadrasorb Si (Quantachrome Instrument). Melanins were degassed at 200°C for 18 h before BET measurements. XPS was performed using Kratos Analytical Axis Ultra (Kratos Analytical Ltd.). Survey scan and high-resolution spectra of the 1s orbitals of carbon (C), oxygen (O), and nitrogen (N) were obtained. Elemental analysis was performed using the peak areas and the relative sensitivity factors of the instrumentation to each atomic species. The resulting spectra were analyzed using CasaXPS. Peak fitting was performed with a target of <1.2 eV FWHM in each peak.
Raman spectra were collected using an inverted Raman confocal microscope (inVia Raman microscope, Renishaw) with a 50× objective (Leica Microsystems) and 785-nm-wavelength laser (1.58 eV) over a Raman shift of 700-2,000 cm −1 . Five scans with 1 mW of laser power were averaged to minimize sample degradation and maximize the signal-to-noise ratio.
TGA. TGA was conducted by SETSYS Evolution TGA (Setaram Instrumentation) at a heating rate of 3°C min −1 under Ar atmosphere (>99.999%, ultrahighpurity grade 5.0, Airgas). Melanin samples (∼50 mg) were stored in alumina crucibles and degassed with Ar for 6 h before collecting the data from 200 to 1,000°C.
Preparation and Discharge of Wet-Cell Sodium-Ion Energy Storage. Melanin electrodes were prepared by combining melanin (300 mg) with polytetrafluoroethylene (PTFE, 200-300-μm particle size, Sigma-Aldrich) as a binder in a mass ratio of 75:25. The components of the electrodes were then homogeneously blended using agate mortar and pestle. λ-MnO 2 cathodes were prepared by synthesizing LiMn 2 O 4 followed by chemical delithiation as previously described (87 . BET surface area was used for all charge storage capacity calculations normalized by area (Fig. S8A) .
